The insulin-secreting cells generated from stem cells in vitro are less glucose responsive than 18 primary β-cells. To search for the missing ingredients that are needed for β-cell maturation, we 19 have longitudinally monitored function of every β-cell in Tg (ins:Rcamp1.07) zebrafish embryos 20 with a newly-invented two-photon light-sheet microscope. We have shown that β-cell maturation 21 begins from the islet mantle and propagates to the islet core during the hatching period, coordinated 22 by the islet vascularization. Lower concentration of glucose is optimal to initiate β-cell maturation, 23 while increased glucose delivery to every cell through microcirculation is required for functional 24 boosting of the β-cells. Both the initiation and the boosting of β-cell maturation demands activation 25 of calcineurin/NFAT by glucose. Calcineurin activator combined with glucose promotes mouse 26 neonatal β-cells cultured in vitro to mature to a functional state similar to adult β-cells, suggesting 27 a new strategy for improving stem cell-derived β-like cell function in vitro. 28 29 30 Keywords 31 functional maturation of β-cells in vivo; ins:Rcamp1.07 zebrafish, 2P3A-DSLM; microcirculation; glucose. 32 33 34 35 36 37 38 39 40 41 42 43 65 pancreas tissues in mammals. 66 Here we used zebrafish as the model animal in which -cell development is conserved with mammals 67 and their maturation processes can be observed in the transparent, externally developed embryos of 68 zebrafish (Huang et al, 2001). With every -cell labelled with Rcamp1.07, a red fluorescent Ca 2+ indicator 69 in Tg (ins:Rcamp1.07) zebrafish, we use our newly developed high-resolution two-photon three-axis digital 70 scanning light-sheet microscope (2P3A-DSLM) to visualize glucose-stimulated Ca 2+ responses in 71 individual -cells in vivo. The first glucose-responsive -cells appear from the islet mantle at 48 hours post-72 fertilization (hpf). Based on the Ca 2+ transient kinetics, we characterized the glucose-responsive -cells into 73 two stages: the initiation and the boosting of the maturation. This early -cell maturation of the islet mantle 74 requires low local glucose concentration and is independent of vascularization. With islet vascularization 75 from 60 hpf to 72 hpf, increased glucose concentration delivered through islet microcirculation, initiates -76 cell maturation in the islet core and pushes all glucose-responsive -cells towards further maturity. By 77 manipulating with inhibitors, activators and the dominant negative mutant, we demonstrate that the 78 calcineurin/NFAT signaling pathway acts downstream of glucose to initiate, boost and sustain -cells 79
Introduction 44
Pancreatic -cells secrete insulin to regulate blood glucose metabolism. An insufficient functional -45 cell mass causes glucose intolerance and diabetes. To generate new therapeutic approaches for diabetes, - 46 cell development has been intensively studied during the last two decades. While much has been understood 47 regarding the early development of pancreatic progenitor cells (Pan & Wright, 2011) 57 A major difficulty in studying -cell maturity in vivo with traditional methods is to evaluate -cell 58 function independent of -cell mass. Imaging function of individual -cells will overcome this problem. 59 The primary function of a mature -cell is to quickly secrete the stored insulin in responding to increases 60 of blood glucose concentration. Glucose-triggered Ca 2+ influx in pancreatic -cells is essential for the 61 insulin secretion, thus often serves as a functional marker to evaluate -cell maturity in living organisms (ins:Rcamp1.07); Tg (ins:EGFP) fish embryos, we identified a proliferation of -cells during 36-48 hpf, 106 followed by a progressive increase in glucose-responsive -cells during the hatching period ( Figure 1C 122 Next, we investigated whether islet vascularization affect -cell maturation in vivo by labelling both -cells 123 and vascular endothelial cells in Tg (ins:EGFP); Tg (flk1:mCherry) fish . We found that 124 blood vessels initiated contacts with the islet mantle from 48 to 60 hpf and further penetrated into the inner 125 layers of the islet from 60 to 72 hpf ( To explore whether the heterogeneous maturation process is caused by islet vascularization, we 138 examined -cell maturation in Tg(ins:Rcamp1.07) cloche mutant embryos, which have no vascular 139 endothelial cells or blood cells but a normal number of -cells ( Figure 2G and 
Sequential maturation of -cells from the islet mantle to the core is coordinated with islet vascularization

Direct activating calcineurin promotes neonatal-cells towards optimal maturity in isolated mouse islets
220 in vitro 221 The failure for the core -cells to mature in the cloche mutants and 2,3-BDM-treated embryos could be due 222 to reduced glucose delivery to the islet centre. Indeed, in isolated mouse islets that had no microcirculation, 223 we found a gradually reduced glucose transported into -cells of the inner layers ( Figure 5A -C). To explore 224 whether the requirement of optimal glucose for -cell maturation could be bypassed in vitro, we tried to 225 activate calcineurin/NFAT to promote -cell maturation in isolated neonatal mouse islets. As we have 226 known, the -cells of neonatal mouse islets respond poorly to glucose and need more than one week to 227 mature in vivo (Blum et al, 2012b). We cultured the neonatal islets from postnatal day 0 (P0) mice for 3 228 days in media supplemented with different concentrations of glucose, in the absence or presence of the 229 calcineurin activator CGA, and evaluated their maturity according to the glucose stimulation index (GSI). 230 Among the different glucose concentrations tested, 11 mM glucose in the culture media was the best in 231 transforming neonatal -cells in islets to be more glucose-responsive (GSI = 13.0 ± 1.3, Figure 5D and E). 232 Supporting a conserved role of calcineurin in mouse -cell maturation, combining CGA in the culture media 233 greatly enhanced the GSIs of islets cultured at a glucose concentration ranging from 5.6 mM to 11 mM. 234 Neonatal islets cultured at 11 mM glucose and 56.48 μM CGA exhibited a GSI of 26.5 ± 4.8 (n = 12), 235 similar to that of adult mouse islets cultured at 11 mM glucose (27.3 ± 3.4, n = 4, p = 0.79) ( Figure 5D and 236 E). On the other hand, calcineurin inhibitor FK506 notably reduced the GSI of the neonatal islets cultured 237 at 11 mM glucose ( Figure 5D and E). As compared to more than one week needed for P0 -cells to mature Table 1 ), an increasing dosage requirement 264 of glucose for -cells maturation in vivo is very likely to be a conserved mechanism. Consistent with this 265 hypothesis, the plasma glucose level in fetal rodents is relatively low, but starts to increase just before birth 266 and progressively reaches a plateau (above 4 mM) after P2 (Rozzo et al, 2009 ). From P6 to P20, the plasma 
Materials and Methods
302
Transgenic zebrafish generation 303 The Tg(ins:Rcamp1.07) reporter zebrafish line was generated using meganuclease-mediated transgenesis 383 The embryos were fixed in 4% paraformaldehyde (PFA, AppliChem) at 4 °C overnight. After the PFA was 384 washed away, the embryos were dehydrated using a series of methanol (25%, 50%, 75% and 100%) and 385 stored at -20°C. When necessary, the embryos were rehydrated using a series of methanol (100%, 75%, 50% 386 and 25%), permeabilized in Proteinase K (10 μg/ml, TransGen), washed in PBST (PBS + 0.1% Tween-20) 387 and then fixed again in 4% PFA at room temperature (RT). After being blocked with PBST containing 0.2% 420 Adult islets from 8-week-old mice were isolated as previously described (Wang et al, 2016) . For P0 mouse 421 islet isolation, pancreata were dissected directly without perfusion and digested with 0.5 mg/ml Collagenase 422 P (Roche). The isolated islets were cultured for 3 days in RPMI1640 media containing different 
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